ABSTRACT: Protein crystallography and calorimetry were used to characterize the binding of 1,2-azaborines to model cavities in T4 lysozyme in direct comparison to their carbonaceous counterparts. In the apolar L99A cavity, affinity for Ab dropped only slightly versus benzene. In the cavity designed to accommodate a single hydrogen bond (L99A/M102Q), Gln102O···HN hydrogen bonding for Ab and BEtAb was observed in the crystallographic complexes. The strength of the hydrogen bonding was estimated as 0.94 and 0.64 kcal/mol for Ab and BEtAb, respectively. This work unambiguously demonstrates that 1,2-azaborines can be readily accommodated in classic aryl recognition pockets and establishes one of 1,2-azaborine's distinguishing features from its carbonaceous isostere benzene: its ability to serve as an NH hydrogen bond donor in a biological setting.
BN/CC isosterism of arenes results in so-called azaborine heterocycles where specifically 1,2-azaborines are designated as compounds with the boron and nitrogen atoms adjacent to each other. It has been demonstrated that 1,2-azaborines can bind to a biological macromolecule, 8 and that both the B-and N-Et BN isosteres of ethylbenzene are inhibitors of ethylbenzene dehydrogenase (EbDH), in contrast to ethylbenzene itself, which is the naturally evolved substrate for the EbDH. 9 More recently, BN isosteres of naphthalene have been profiled in vitro and in vivo in terms of biological activity and ADME (absorption, distribution, metabolism, excretion) properties. 10, 11 The parental compound of the 1,2-azaborine family, 1,2-dihydro-1,2-azaborine (Ab), 12 is the BN isostere of benzene ( Figure 1 ). Even though 1,2-dihydro-1,2-azaborine and benzene share the same number of valence electrons, same total number of atoms, and a very similar shape, their electronic structures differ due to the presence of the polar BN bond unit in Ab (Figure 1 ). For example, DFT calculations predict a dipole moment of 1,2-dihydro-1,2-azaborine to be ∼2.2D vs benzene's dipole moment of 0D. 13 We have also shown through deuterium labeling studies 12 and small-molecule single-crystal X-ray structure analysis 14 that the N−H proton in Ab is protic and can engage in hydrogen bonding, respectively.
Despite the recent advances in the synthetic development of 1,2-azaborines, 15−19 little progress has been made in the chemistry of these BN heterocycles in a biological context. To establish 1,2-azaborines as a new pharmacophore, a fundamental understanding of the binding interactions of 1,2-azaborines with biological systems is necessary. To our knowledge, a systematic quantitative study has not appeared, and so key questions as to the effect of BN/CC isosterism on recognition in aryl binding pockets and on the hydrogen-bonding potential of 1,2-azaborines have not been explored. Aryl groups in ligands are often complemented by a combination of apolar protein side chains, such as leucine, quadrupolar side chains, such as tryptophan, and occasionally even by charge−quadrupole interactions, as conferred by arginines, 20 and how these interactions might be affected by 1,2-azaborine ligands is uncertain. Similarly, hydrogen bonding plays a key role in providing directionality and specificity in protein−ligand interactions. 21, 22 Hydrogen bonds are widely accepted as crucial in drug-receptor binding 23−26 and in maintaining favorable physical properties, and they are often installed in the course of a drug design campaign. 27−29 Whether the NH of the 1,2-azaborine can participate in hydrogen bonds, and how these compare quantitatively to more familiar ligandprotein hydrogen bonds, also remains unexplored.
Here we combine structure and calorimetry to investigate quantitatively 1,2-azaborine's ability to replace isosteric aryl groups in arene recognition pockets and to elucidate the fundamental hydrogen bonding features of the N−H group in 1,2-azaborines with proteins. We do so in two engineered cavity sites of T4 phage lysozyme, L99A and L99A/M102Q (described below). The quantitative structural and thermodynamic binding data that emerge will serve as general reference for future biomedical work on 1,2-azaborines.
To evaluate the possibility of hydrogen bond formation between azaborines and biological molecules, we chose cavitybearing T4 lysozyme mutants developed by Matthews as a model system. 30 Leucine to alanine mutation at the 99 position of the wild-type T4 lysozyme creates a 150 Å 3 hydrophobic pocket in the protein's C-domain. 31, 32 Additional mutation methionine to glutamine at the 102 position provides a more polar engineered cavity site. 33 These cavities are structurally rigid, buried from bulk solvent, 34 and thus are widely used as model systems to study small organic molecule (in particular arenes) binding. 35−39 Additionally, their high crystallinity provides an excellent environment for unambiguous structural assignments. In other words, T4 lysozyme mutants serve as ideal biological macromolecules for a systematic physical organic structure−activity investigation. In this study we chose the L99A mutant as a nonpolar binding model and the L99A/M102Q mutant as a polar binding model with a set of four ligands ( Figure 2 ) that include 1,2-azaborines capable of N−H hydrogen bonding (Ab, BEtAb) and control ligands that are incapable of N−H hydrogen bonding (Bnz, EtBnz). We investigate the binding of the two T4 lysozyme mutants L99A and L99A/M102Q with the four ligands Bnz, EtBnz, Ab, and BEtAb using high-resolution protein X-ray crystallography and isothermal titration calorimetry (ITC), and we detail our results and analysis in the following sections.
In the nonpolar cavity (L99A), X-ray crystallographic analysis of the protein−ligand complexes revealed that 1,2-azaborines and their carbonaceous counterparts bind similarly 8 ( Figure 3 , top row). In complexes with ethyl-substituted ligands, two conformations are observed (also seen in the complexes EtBnz@ L99A/M102Q and BEtAb@L99A/M102Q), and the ethyl substituent is positioned in the bulge region of the cavity, presumably due to geometric complementarity. Considering the interatomic distances (Figure 3, top row) , there is no indication of the ligands forming hydrogen bonds with any of the protein residues inside the L99A binding pocket.
For the polar cavity (L99A/M102Q), it has been shown that 2-mercaptoethanol (from the crystallization buffer) and a water molecule reside in the binding pocket of the T4 lysozyme double mutant in the absence of an added ligand (PDB code: 1LGU). 33 As can be seen from Figure 3 (bottom) an arene/1,2-azaborine ligand can displace the 2-mercaptoethanol and/or water molecule from the polar binding pocket. Our structural data from the L99A/M102Q complex with Ab show that the NH group of Ab is in close proximity to carbonyl oxygen of the Gln102 residue, forming a hydrogen bond (3.1 and 3.2 Å for each of the protein conformations, Figure 3 Ab@L99A/M102Q). This is the first structural characterization of an apparent hydrogen bond between an azaborine and a biological macromolecule. A distinctly different protein−ligand interaction is observed in the benzene-bound complex (Figure 3 Bnz@L99A/M102Q). A water molecule remains bound via H-bonding with Gln102 in the cavity (2.5 and 2.7 Å from water oxygen to the carbonyl oxygen of Gln102 in the respective two conformations) along with benzene, which has no apparent bonding interaction with Gln102 (Gln102O···Bnz distance >3.5 Å). For the ethylbenzene complex EtBnz@L99A/M102Q (Figure 3) , the shortest bond distance between the aromatic carbon of ethylbenzene and the carbonyl oxygen of the Gln102 is 4.6 Å, too far for a hydrogen bond. Conversely, what is likely a hydrogen bond, certainly a polar interaction, is observed in the BEtAb@L99A/M102Q complex ( Figure 3) . The observed distance between the NH group of the BEtAb ligand and the Gln102 carbonyl oxygen is 3.2 Å (3.6 Å for the second side chain conformation) in the crystal structure, which we determined to 1.47 Å resolution; an amideO···HN hydrogen bond has an average distance of 2.9 Å. 40 , 41 Furthermore, we found that the binding of Ab or BEtAb to L99A/M102Q mutant led to a movement of the Gln102 side chain toward the 1,2-azaborine substrates for the conformations that display hydrogen bonding, resulting in 0.4 and 1.1 Å difference in the position of the oxygen atom of the Gln102O residue vs the corresponding control structures with no apparent hydrogen bonding interactions, respectively (Bnz vs Ab, and EtBnz vs BEtAb). Thus, it appears that the Gln102 side chain undergoes considerable geometric changes upon binding of 1,2-azaborines to accommodate hydrogen bonding.
To probe the affinities of the protein−ligand interactions, we investigated the binding thermodynamics of Bnz, EtBnz, Ab, and BEtAb with L99A and L99A/M102Q T4 lysozyme mutants in aqueous solution using isothermal titration calorimetry (ITC). On binding to the nonpolar L99A cavity, azaborines lost between 0.4 and 0.5 kcal/mol in binding free energy compared to their corresponding carbonaceous analogs (Table 1 , left colunn). This is consistent with the more polar character of the 1,2-azaborine compounds relative to their carbonaceous counterparts, and hence their higher desolvation cost.
Conversely, on binding to the polar L99A/M102Q cavity Ab and BEtAb gain between 0.4 and 0.2 kcal/mol of binding free energy relative to their carbonaceous analogs benzene and ethylbenzene, respectively (Table 1, right column). These relative affinities are consistent with the observations from crystallographic complexes, and suggest that in a site that can accept a hydrogen bond donated by the azaborine NH, this interaction can overcome the desolvation penalty conferred by the greater polarity of this group. We note that the ethyl-substituted derivatives EtBnz and BEtAb bind more weakly to the L99A/ M102Q mutant than the unsubstituted Bnz or Ab, presumably due to the higher steric demand associated with the ethyl substituent. 36 When considering the energetic contributions of protein− ligand interactions, various factors come into play, e.g., hydrophobic effect, desolvation, hydrogen bonding, electrostatic interactions, etc., 42 and it can be challenging to determine a specific contribution, e.g., hydrogen bonding, from a simple comparison of a pair of free energy values, e.g., the binding free energies of Bnz and Ab to the L99A/M102Q mutant. In this simple analysis, the binding free energy difference ΔΔG = ΔG Ab@L99a/M102Q − ΔG Bnz@L99a/M102Q accounts for the totality of electronic structure differences between Bnz and Ab, not just hydrogen bonding.
Thus, we used the classic thermodynamic cycle analysis 43−46 to best estimate the specific Gln102O···H−N hydrogen bonding interactions from our set of experimentally determined binding free energies ΔG. Figure 4 illustrates the double mutant cycle analysis for the benzene and ethylbenzene pairs with the determined Gln102 O···NH interaction being 0.94 and 0.64 kcal/mol, respectively for Ab (Figure 4a ) and BEtAb (Figure 4b) . 47 The comparatively weaker hydrogen bond interaction for BEtAb vs Ab with the Gln102 residue is postulated to originate from additional counteracting steric penalties incurred by the ethyl substituent and is consistent with the longer average hydrogen bond distance with Gln102 residue in the BEtAb@L99A/M102Q structure vs the Ab@L99A/M102Q structure. The hydrogen bond strength between the azaborine NH and the glutamine carbonyl oxygen is within a typical range of 0.5−1.5 kcal/mol 48 for amideO···H N hydrogen bonding, and for neutral hydrogen bonds in general, in aqueous environments.
In conclusion, we have described the first quantitative experimental studies of the binding of 1,2-azaborines in an aryl recognition pocket and demonstrated the hydrogen bonding capabilities of 1,2-azaborines in a protein context. The use of highresolution protein X-ray crystallography and ITC (1) provided quantitative measures of how the increased solubility of the 1,2-azaborines traded off against nonpolar recognition in the T4 lysozyme cavities and (2) determined NH···Oamide hydrogen bonding distances and binding free energies for 1,2-azaborines in sites designed to complement apolar and polar aryl hydrocarbons. The observed Gln102O···HN hydrogen bonding distances are 3.1 and 3.2 Å for Ab and 3.2 Å for BEtAb, and the contribution of that hydrogen bond to the net free energy of binding is −0.94 and −0.64 kcal/mol for Ab and BEtAb, respectively. This proofof-concept study unambiguously establishes one of 1,2-azaborine's distinguishing features from benzene, i.e., its ability to serve as an NH hydrogen bond donor in a biological setting and provides benchmark quantitative data that will be useful for future development of azaborines as a new pharmacophore.
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